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Zinc uptake promotes myoblast 
differentiation via Zip7 transporter 
and activation of Akt signalling 
transduction pathway
Hayk Mnatsakanyan1, Roser Sabater i Serra  1,2, Patricia Rico1,2 & Manuel Salmerón-Sánchez1,2,3
Myogenic regeneration occurs through a chain of events beginning with the output of satellite cells 
from quiescent state, formation of competent myoblasts and later fusion and differentiation into 
myofibres. Traditionally, growth factors are used to stimulate muscle regeneration but this involves 
serious off-target effects, including alterations in cell homeostasis and cancer. In this work, we have 
studied the use of zinc to trigger myogenic differentiation. We show that zinc promotes myoblast 
proliferation, differentiation and maturation of myofibres. We demonstrate that this process occurs 
through the PI3K/Akt pathway, via zinc stimulation of transporter Zip7. Depletion of zinc transporter 
Zip7 by RNA interference shows reduction of both PI3K/Akt signalling and a significant reduction of 
multinucleated myofibres and myotubes development. Moreover, we show that mature myofibres, 
obtained through stimulation with high concentrations of zinc, accumulate zinc and so we hypothesise 
their function as zinc reservoirs into the cell.
Skeletal muscle is a heterogeneous, dynamic and plastic tissue, which comprises approximately 40% of adult 
human body mass. Through contraction and relaxation, skeletal muscles provide movement and stability to the 
body. Muscle tissue contributes significantly to the correct metabolic functions serving as the major body’s reser-
voir of amino acids needed to maintain protein synthesis in vital tissues and organs1. Furthermore, muscle tissue 
provides storage for carbohydrates and other elements such as zinc or calcium1,2. Alterations in muscle mass 
may cause some of the most common diseases and conditions such as obesity and diabetes in addition to others 
chronic diseases2.
Muscle tissue is the largest cellular compartment of the body, characterized in physiological conditions by a 
relatively slow turnover3. It is composed by a combination of myofibres bound by connective tissue1,4. Satellite 
cells, mostly in a quiescent state and located between the basal lamina and the plasma membrane of myofibres, are 
the main source of myogenic precursors and provide skeletal muscle remarkable ability to regenerate after injury5.
In response to a muscle injury, satellite cells become activated, leave quiescence and start to proliferate. 
Activated satellite cells progress to become fusion-competent myoblast6. Eventually, these myoblasts proliferate 
and differentiate creating new myofibres and restoring tissue damage7. Various mechanisms and signalling mol-
ecules play an important role during muscle regeneration. In the first steps of post-injury, muscle degeneration 
and posterior inflammation result in the activation of resident macrophages, which release chemoattractant mol-
ecules recruiting neutrophils and monocytes. Subsequently, inflammatory mediators such as tumour necrosis 
factor alpha (TNFα) are also released. Immune, myogenic, and fibroblastic cell interactions are coordinated to 
eventually carry out muscle restoration8.
Several growth factors such as insulin-like growth factor (IGF), basic fibroblastic growth factor (bFGF), hepat-
ocyte growth factor (HGF) or nerve growth factor (NGF) play a variety of relevant functions during muscle 
regeneration, enhancing damaged muscle healing. Among the signalling processes which lead to muscle regen-
eration, IGF/PI3K/Akt cascade is one of most studied because of its role in initial cell proliferation, myoblast 
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commitment, and posterior differentiation and maturation to obtain new myofibrils9–11. Protein kinase Akt acti-
vation by IGF/PI3K cascade enhances the activity of the transcription factor MyoD in myoblasts cells, inducing 
them to terminal differentiation into myocytes and subsequent fusion into regenerating myofibres12–14.
Skeletal muscle possesses a robust innate capability for repair, however severe injuries that result in significant 
loss of muscle mass exceed the innate regeneration and require intervention to restore its normal function15. The 
main strategies currently under investigation to address skeletal muscle disorders and regeneration are based on 
drugs/biomolecules delivery, cell therapies, or a combination of both approaches. Exogenous addition of specific 
molecules that involve PI3K/Akt signalling pathway, such as apelin-13 peptide, Sphingosine 1-phosphate lipid 
(S1P)16,17, or growth factors, such as IGF or vascular endothelial growth factor (VEGF) have shown promising 
results as a potential therapeutic approach18,19. However, the use of growth factors has been controversial as typ-
ically involves supra-physiological doses to be effective, which increases cancer risk and other off-target lateral 
effects20–22.
In this context, cell exposure to heavy metal ions, such as Zn+2 and Cu+2 has been reported to stimulate PI3K/
Akt signalling, which is known to be antiapoptotic and cytoprotective23,24. Zinc is one of most important transi-
tion metals present in eukaryote cells and plays a key role in the regulation and functioning of many signalling 
and structural proteins and transcription factors25,26. To achieve the control of zinc homeostasis in cells, there are 
several ion transporters responsible for allowing the influx of zinc from extracellular medium or different vesicles 
(zincosomes, Golgi apparatus or endoplasmic reticulum (ER)) to the cytoplasm. Influx zinc transporters are clas-
sified into the family of solute carriers Zip (or Slc39a) and divalent metal transporters DMT-127,28. In addition of 
the influx transporters aforementioned, there are other transporters which drive the efflux of zinc from cytoplasm 
to extracellular medium and vesicles, classified into the family of Slc30a, also known as ZnT27,28. Among the Zip 
family of metal ion transport proteins, zinc transporter Zip7 (or slc39a7) is one of most studied as it is involved 
in signalling pathways and diseases such as cancer29,30. Zip7 is also the most expressed transporter among the Zip 
family in myoblast cells31. The activity of Zip7 by phosphorylation of casein kinase 2 (CK2) and posterior release 
of zinc from ER might be required for the activity of several protein kinases32.
Zinc homeostasis is of major significance in skeletal muscle tissues. Marginal zinc deficiency is manifested as 
muscular tissue degeneration and loss of muscle mass. It has been reported that recovery from muscle injury in 
mice might be partly impaired and delayed with a diet poor in zinc33. Furthermore, zinc can act as secondary mes-
senger, performing signal transduction and activating some signalling pathways such as PI3K/Akt and Mek/Erk, 
which are highly involved in skeletal muscle regeneration34–36. The role of zinc in cell proliferation via PI3K/Akt 
and Mek/Erk pathways has been described by several authors, demonstrating the mitogenic activity of zinc37,38. 
These evidences suggest that zinc could play a key role in the regulation of muscular tissue regeneration as it is 
involved in several signalling pathways relevant for both myoblast proliferation and myogenic differentiation.
Here, we investigate whether exogenous zinc promotes myogenic differentiation, to assess the potential of 
zinc to promote muscle regeneration in the absence of growth factors. We use C2C12 murine myoblasts, a cell 
line widely accepted to study muscle development39. We investigated Akt activity as well as Zip7 expression and 
distribution in both undifferentiated and differentiated cells exposed to Zn2+ to unveil the role of zinc in myoblast 
differentiation.
Materials and Methods
Cell culture. Murine myoblasts (C2C12, Sigma-Aldrich) were cultured in high glucose Dubelcco’s Modified 
Eagle’s Medium (DMEM, Biowest) supplemented with 10% of Foetal bovine serum (FBS, Thermofisher) and 1% 
of Penicillin/Streptomycin (P/S, ThermoFisher) in a humidified atmosphere at 37 °C and 5% CO2. Cells were 
routinely passaged after reaching 70% confluence. Zinc chloride (Sigma-Aldrich) was used as source of Zn2+ for 
in vitro experiments.
Live dead (cytotoxicity) and proliferation (total cell density and BrdU) assays. Cytotoxicity was 
tested for myoblast and myotubes. For myoblast cytotoxicity, C2C12 were seeded at low density (10.000 cells/cm2) 
in growth medium (DMEM/10% FBS/1%P/S). After 24 h allowing cell adhesion, culture medium was substituted 
for differentiation medium (DMEM/2% FBS/1% P/S) and supplemented with 20, 40, 60 and 80 μM of Zn2+. 
Cytotoxicity was determined using the Live/Dead Viability/Cytotoxicity Kit (ThermoFisher) after 1, 3 and 5 days 
of culture. Different zinc concentrations were added in each additional medium change. Medium without Zn2+ 
was used as a control (w/o Zn2+). As a positive control of cytotoxicity, Triton X-100 (Sigma-Aldrich) was added 
at 0.01% to culture medium and incubated for 10 minutes before performing the cytotoxicity assay. Cytotoxicity 
values were obtained by fluorescent quantification of calcein-AM (Ex 485/Em 535) with plate reader Victor III 
(Perkin Elmer) device. Results were represented as the ratio between number of viable cells +Zn2+/number of 
viable cells w/o Zn2+).
For myotube cytotoxicity, C2C12 were seeded at high density (20.000 cells/cm2) in growth medium 
(DMEM/10% FBS/1%P/S). After 24 h allowing cell adhesion, culture medium was substituted for differentiation 
medium (DMEM/2% FBS/1% P/S). After 6 days of culture when myotubes were formed, medium was supple-
mented with 20, 40, 60, 80 and 100 μM during 1, 3 and 5 days.
Note that for myoblast and myotube conditions we used differentiation medium to evaluate zinc effects in low 
serum conditions.
C2C12 were seeded at very low density (5.000 cells/cm2) for determination of total cell density, and low density 
(10.000 cells/cm2) for BrdU (proliferation) assay, previous synchronisation of cell cycle by serum starvation for 
24 h. Then, culture medium was substituted for differentiation medium (DMEM/2% FBS /1% P/S) supplemented 
with different concentrations of Zn2+ (20 and 40 μM) and 10 μM of BrdU for proliferation assay. Myoblasts were 
fixed with 4% formaldehyde after 1, 3 and 5 days of culture for determination of total cell density, and after 1 day 
for BrdU assay. Total cell density was analysed after image analysis quantification (ImageJ) of total nuclei stained 
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with Hoechst (dil: 1/7.000, Sigma-Aldrich). For BrdU proliferation analysis, results were obtained as the ratio 
between BrdU positive cells/total number of cells.
Myogenic differentiation visualisation. For myoblast differentiation experiments, C2C12 cells were 
seeded at confluence density (20.000 cells/cm2) or low density (10.000 cells/cm2) onto polystyrene plates in cul-
ture medium. After 24 h, culture medium was changed for differentiation medium (DMEM/2% FBS/1% P/S or 
DMEM/1% ITS/1% P/S) supplemented with Zn2+ 20 and 40 μM. After 6 days of culture, cells were fixed with 
4% formaldehyde and blocked with TBS/BSA 1% for 1 h at room temperature. Then cells were incubated with 
anti-Myosin Heavy Chain (anti-MHC, dil: 1/200, Developmental Studies Hybridoma) over night at 4 °C. After 
primary antibody incubation, samples were rinsed and incubated with secondary antibody anti-mouse Alexa 488 
(dil: 1/500, Thermofisher). Hoechst (dil: 1/7.000, Sigma-Aldrich) was used for cells nuclei staining. Samples were 
mounted with 85% glycerol and imaged by a Nikon Eclipse i80 fluorescence microscope. MHC positive cells were 
quantified by image analysis with imageJ software, and represented as the ratio between MHC positive cells/total 
cell number (ratio of differentiated cells) and the ratio between multinucleated myotubes/mononucleated MHC 
positive cells (ratio of multinucleated myotubes).
Analysis of intracellular Zn2+. C2C12 cells were seeded at low density (10,000 cells/cm2) and intracellular 
Zn2+ was analysed at two different time points: 24 h and after myotube formation (6 days). Intracellular amount 
of Zn2+ was determined after addition of 20 and 40 µM of Zn2+ in the culture medium. After cell culture, cells 
were washed with PBS and intracellular Zn2+ was labelled by means of FluoZin3-AM (2 µM) system detection 
(Thermofisher). Fluorescence emission was analysed by Victor III plate reader (Perkin Elmer). Cells were imaged 
using Nikon Eclipse i80 microscope. A parallel assay was used for Hoechst staining for total cell density quantifi-
cation by image analysis with imageJ software.
For analysis of intracellular Zn2+ after silencing of Zip7, Zip7 silenced C2C12 cells were incubated with 
FluoZin3-AM (2 µM) for 40 min. and washed with PBS. After that, medium with different concentrations of zinc 
were added (20 and 40 µM) and fluorescence emission was measured every 40 seconds during approximately 
40 minutes.
Gene expression analysis by quantitative real time PCR. Total RNA from C2C12 cells cultured for 
3 and 6 days was extracted using Quick RNA Miniprep kit (ZYMO Research) and its quantity and integrity 
was measured using Q3000 micro volume spectrophotometer (Quawell). RNAs were reverse transcribed using 
Maxima First Strand cDNA synthesis kit with thermolabile dsDNAse (Thermofisher). Real-time qPCR was car-
ried out using the PowerUp SYBR Master Mix (Thermofisher) and 7500 Real Time fast PCR system from Applied 
Biosystems. The reactions were run four times (independent biological experiments). The primers used for ampli-
fication were designed based on sequences found in the GenBank database and included: MyoD1 (GeneBank 
M18779.1, Forward: 5′-CGC TCG TGA GGA TGA GCA T-3′, Reverse: 5′-AGC GTC TCG AAG GCC TCA T-3′), 
Myogenin (NM_031189.2, Forward: 5′-TGC CGT GGG CAT GTA AGG T-3′, Reverse: 5′-TGC GCA GGA TCT 
CCA CTT TAG-3′) and GAPDH was used as a housekeeping gene (Forward: 5′-AGG TCG GTG TGA ACG GAT 
TTG-3′, Reverse: 5′-TGT AGA CCA TGT AGT TGA GGT CA-3′).
The fractional cycle number at which fluorescence passed the threshold (Ct values) was used for quantification 
using the comparative Ct method. Sample values were normalized to the threshold value of housekeeping gene 
GAPDH: ΔCT = CT (experiments) − CT (GAPDH). The Ct value of the control (condition w/o zinc) was used as a 
reference. ΔΔCT = ΔCT (experiments) − ΔCT (control). mRNA expression was calculated by the following equa-
tion: = −ΔΔfold change 2 CT.
Zip7 expression and Akt activity. Distribution of Zip7 was analysed in non-differentiation (after 24 h) 
and differentiation (after 6 days) cell stages by immunofluorescence, using specific antibody against Zip7 (dil: 
1/200, Santa Cruz Biotechnologies). Primary antibody was incubated over night at 4 °C. After washing, anti-goat 
Dye Light 488 (dil: 1/500, Thermofisher) secondary antibody was added and incubated for 1 h at room tempera-
ture. Cell cytoskeleton was labelled using Alexa Fluor 555 Phalloidin (dil: 1/100, Thermofisher) and cell nucleus 
with Hoechst. Cells were imaged by Nikon Eclipse i80 fluorescence microscope.
For protein expression analysis, total protein extraction was performed with RIPA buffer supplemented with 
protease inhibitor cocktail tablets (Roche). Proteins were separated in 12% SDS-PAGE as described previously40. 
Primary antibodies against Zip7 (dil: 1/300, Santa Cruz Biotechnologies), Akt (dil: 1/1,000; Thermofisher), phos-
pho Akt (pAkt-serine 473) (dil: 1/700; Thermofisher) and Glyceraldehyde 3-phosphate dehydrogenase (GapDH, 
dil: 1/5,000; Thermofisher) were incubated over night at 4 °C. Then, membranes were washed and incubated with 
HRP- linked secondary antibody for chemiluminiscence band detection with ECL-Plus reactive (Thermofisher). 
Fujifilm Las-3000 imager device was used for protein bands visualisation.
RNA interference (RNAi) experiments. C2C12 were seeded at confluence density (20,000 cells/cm2) 
in growth medium. After 24 h cells were transfected with MISSION esiRNA (Sigma-Aldrich) in X-tremeGENE 
siRNA Transfection Reagent (Roche), following manufacturer’s instructions. Cell transfection was carried out in 
Opti-MEM Reduced Serum medium (Thermofisher). MISSION siRNA Fluorescent Universal Negative Control 
1, Cyanine 3 (NC. Sigma-Aldrich) was used as transfection control. Transfected myoblasts were cultured for 3 
days with differentiation medium (DMEM/2% FBS/1% P/S). Then, myogenic differentiation was assessed by 
immunofluorescence of MHC.
Statistical analysis. Each experiment was performed at least four times unless otherwise noted. Data 
were reported as mean ± standard deviation. To establish if obtained data followed a normal distribution, 
D’Agostino-Pearson omnibus test was resorted. Results were analysed by one-way ANOVA using GraphPad 
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Prism 6.0. When differences were determined to be significant, pairwise comparisons were performed using 
a Tukey in case of normal distribution of data or a Dunn’s test in the opposite case. A 95% confidence level was 
considered significant.
Results
Zn2+ increases myoblasts proliferation. Cell viability was analysed after 1, 3 and 5 days in presence of 
increasing concentrations of Zn2+ from 20 to 80 µM in order to determine Zn2+ mediated toxicity on myoblasts 
(Fig. 1a,b). After 1, 3 and 5 days of culture, cell viability was maintained in myoblast supplemented with Zn2+ 
concentrations up to 40 µM, whereas for higher Zn2+ concentrations (80 µM) cell viability decreased dramatically 
(Fig. 1b).
For proliferation experiments, we selected only viable amounts of Zn2+ based in cytotoxicity results, thus we 
discarded 60 and 80 µM concentrations. Myoblast total cell density (total nuclei/cm2) was analysed after supple-
menting cells with 20 and 40 μM Zn2+. Results show that Zn2+ increases cell density after 1, 3 and 5 days com-
pared with control medium (without Zn2+) (Fig. 1c). The zinc mitogenic effect is stronger at the initial steps of 
proliferation (1 day) and the trend is maintained after 3 days of culture. Nevertheless, cell proliferation is reduced 
at longer times (from 3 to 5 days) as the cell density approaches to confluence.
Figure 1. Determination of toxic concentrations of Zn2+ for undifferentiated muscle cells. (a) Live/Dead 
images of myoblasts (non-differentiated cells) (Scale bar: 400 μm). (b) Viable cells ratio (number of viable cells 
+Zn/number of viable cells w/o Zn) obtained by quantification of calcein-AM fluorescence signal using a plate 
reader. (c) Total cell density obtained after 1, 3 and 5 days by image analysis quantification of positive Hoechst 
cells/cm2. (N = 6 independent experiments performed). Graphs show mean ± standard deviation. Significant 
differences were determined by ANOVA test; *p < 0.05.
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Zn2+ enhances myoblast differentiation. To evaluate the effect of Zn2+ in myoblast differentiation we 
quantified the expression of Myosin Heavy Chain (MHC) and the presence of myotubes, as markers of muscle 
differentiation, after supplementing C2C12 growing cells seeded at initial high density (20.000 cells/cm2) under 
differentiation conditions with 20 and 40 μM of Zn2+. Figure 2 shows C2C12 differentiation after 6 days of cul-
ture. Quantification of Fig. 2a shows that Zn2+ enhances C2C12 proliferation (Fig. 2b) and promotes myogenic 
differentiation as quantified by either the ratio between MHC positive and negative cells or the percentage of 
mature myotubes. (Fig. 2c–e). Indeed, myotubes show an increment in myotube diameter in the presence of Zn2+ 
(Fig. 2f). We performed the same differentiation experiment starting with low initial cell density (10,000 cells/
cm2) (Fig. S1). The data obtained showed the same effect of Zn2+ in myogenic differentiation.
To further investigate the effect of Zn2+ on myoblast differentiation we evaluated two myogenic regulatory 
factors essential for muscle differentiation, MyoD and Myogenin. Real time qPCR was performed for C2C12 cells 
cultured in the presence of 20 and 40 μM of Zn2+ under differentiation conditions (20.000 cells/cm2) after 3 and 
6 days of culture (Figs S2 and 2g,h respectively). After 3 days of culture, no relevant differences were observed 
in MyoD and Myogenin levels among the different conditions analysed (Fig. S2). After 6 days of culture, differ-
entiated myotubes were observed in the presence of 20 and 40 μM of Zn2+ and indeed, Myogenin expression 
increased for 40 μM of Zn2 (Fig. 2g,h), although no differences were observed for MyoD expression (Fig. 2h).
Intracellular Zn2+ increases in differentiated myoblasts. To gain insights into mechanisms induced 
by soluble Zn2+ we first measured cytosolic intake of Zn2+. We quantified intracellular Zn2+ concentration in 
dependence of the concentration of extracellular Zn2+. Free intracellular Zn2+ was labelled with FluoZin3-AM 
dye and fluorescence quantified for both undifferentiated and differentiated cells (Fig. 3a,b). Cells seeded for 
24 h in presence of 20 and 40 μM of Zn2+ (non-differentiated stage) presented a significant increase in intra-
cellular fluorescence emission that was not proportional to the concentration of extracellular Zn2+ (Fig. 3a). In 
contrast, for new formed myotubes after 6 days of culture, intracellular Zn2+ rose monotonically as extracellular 
concentration did (Fig. 3b). This suggests that the uptake of Zn2+ by differentiated myotubes is higher compared 
to undifferentiated myoblasts (Fig. 3a,b). Indeed, Zn2+ cellular distribution changes in dependence of cell stage, 
being localised around nuclei in undifferentiated cells and more spread throughout the cell cytoplasm in mature 
myotubes (Fig. 3b).
In order to clarify cell stage-dependent differences between Zn2+ uptakes, we next performed a new cyto-
toxicity assay for differentiated cells (Fig. 3c). C2C12 cells were cultured under differentiation conditions for 6 
days. After obtaining new formed myotubes, their viability was measured after 1, 3 and 5 days of culture with 
increasing concentrations of Zn2+ from 20 to 100 µM (Fig. 3c). Results demonstrated that Zn2+concentrations 
up to 60 μM do not affect myotube viability, in agreement with those obtained for undifferentiated cells (Fig. 1b). 
However, higher cell viability (compared to undifferentiated cells) were obtained with zinc concentrations of 80 
and 100 μM, which suggests that differentiated cells are more tolerant to zinc (Figs 1b and 3c).
Expression of subcellular Zip7 transporter regulates Akt activity. Zn2+ transporter Zip7 has been 
identified as a key zinc transporter highly expressed in muscle cells41. It is localised in the endoplasmic retic-
ulum (ER), Golgi apparatus and cytoplasmic vesicles29,42. Zip7 homodimers transport zinc into the lumen of 
compartments of the early secretory pathway. In order to investigate the role of Zip7 in myoblast differentiation 
we then analysed Zip7 protein expression and subcellular localisation in myoblast and myotubes. C2C12 cells 
were cultured for 1 day (undifferentiated myoblasts) and for 6 days (differentiated myotubes) under differenti-
ation conditions. Staining for Zip7 revealed its presence around cell nuclei in undifferentiated cells (Fig. 4a, top 
images), resembling the distribution of intracellular Zn2+ observed in Fig. 3a. Nevertheless, when myoblasts 
fused into myotubes, Zip7 become more homogeneously distributed throughout the cell (Fig. 4a, bottom images). 
Zip7 western blot quantification showed a significant increase in Zip7 protein levels in differentiated myotubes 
(Fig. 4b,c) compared to undifferentiated cells. However, neither protein levels nor Zip7 distribution depended on 
the levels of free zinc in the medium, suggesting that Zn2+ is not directly participating in up-regulation of Zip7 
expression.
In addition to the transporter function, Zip7 is able to activate several protein kinases such as Akt24,38. To clar-
ify the role of zinc in cell proliferation and differentiation, we evaluated Akt signalling in undifferentiated myo-
blasts and mature myotubes. We examined whether zinc induced phosphorylation of Akt in serine 473 (pAktS473), 
a requirement for full activity of Akt, by western blot. No differences were observed in total Akt expression 
between differentiated and undifferentiated cells (Fig. 4d). Nevertheless, Akt phosphorylation (pAkt/Akt ratio), 
increased in differentiated myotubes after 6 days of culture. The highest levels of pAkt were obtained when cells 
were supplemented with concentrations of 20 and 40 µM of zinc, which demonstrates the role of Zn2+ in Akt 
activity (Fig. 4e).
Effect of Zip7 silencing on myoblasts. We next silenced the expression of Zip7 transporter by using 
RNA interference (RNAi). Transfected cells were analysed after 0, 3 and 6 days of culture under differentiation 
conditions. Zip7 levels were assessed by immunofluorescence (Fig. 5a) and western blot (Fig. 5b–e). Myoblast 
knocked down by RNAi showed the lowest levels of Zip7 immunostaining compared to RNAi negative control 
(NC, transfected with scrambled siRNAs) and untreated cells (UC, non-transfected cells) (Fig. 5a). Western blot 
experiments revealed reduced levels on Zip7 expression (23.5%) on cells transfected with siRNA against Zip7 
after 1 day of culture compared with untreated cells (Fig. 5b,c). After 3 days of culture, the levels of Zip7 protein 
expression increased until 27.5%, and after 6 days Zip7 levels were restored to the original ones (Fig. 5b,d). This 
was expected due to the transitory effect of this RNAi silencing. Addition of 20 and 40 µM of Zn2+ did not result 
in any significant effect on Zip7 silencing at any time point. However, knocking down Zip7 altered Akt activity. 
pAktS473/Akt ratio diminished immediately after RNAi treatment, (control at day 0, Fig. 5b,c) progressively raised 
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Figure 2. Effects of Zn2+ on myoblast differentiation after 6 days. (a) Immunofluorescence images of MHC 
positive staining (green) of differentiated myotubes after 6 days of culture and supplemented with different 
zinc concentrations. (Scale bar: 200 μm). (b) Quantification of total cell density after myogenic differentiation 
represented as the total Hoechst positive cells/cm2 (total nuclei). (c) Quantification of total differentiated cells 
represented as the ratio between MHC positive cells/total cell number. (d) Quantification of differentiated 
cell density represented as the total of MHC positive cells/cm2. (e) Quantification of multinucleated myotubes 
represented as the ratio between multinucleated myotubes/mononucleated MHC positive cells. (f) Myotube 
diameter quantification obtained after analysis of at least 30 myotubes from 5 random imaged fields. Only 
myotubes with 4 or more nuclei were measured (N = 5 independent experiments performed). Significant 
differences were determined by ANOVA test; *p < 0.05. (g) Bright field images of differentiated myoblasts after 
3 and 6 days under different conditions. (h) Analysis of relative mRNA expression of MyoD and Myogenin after 
6 days of culture under differentiation conditions. (N = 4 independent experiments performed). Graphs show 
mean ± standard deviation. Significant differences were determined by ANOVA test; *p < 0.05.
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after 3 days (Fig. 5d) and was fully restored after 6 days (Fig. 5e). After 6 days of culture, and we note that after this 
time Zip7 silencing was not effective, we observed again that Zn2+ presence increased the level of Akt phospho-
rylation (pAkt/Akt ratio).
Figure 3. Quantification of intracellular Zn2+. (a) Bright field and fluorescence images of intracellular Zn2+ 
in undifferentiated (1 day of culture) C2C12 after Fluozin3-AM labelling. (b) Bright field and fluorescence 
images of intracellular Zn2+ in differentiated C2C12 (6 day of culture, myotubes) after Fluozin3-AM labelling. 
Values are represented as relative fluorescent units (R.F.U.) for intracellular zinc. (c) Live/Dead images of 
myotubes (differentiated cells) and quantification represented as viable cells ratio (number of viable cells +Zn/
number of viable cells w/o Zn). (Scale bar: 200 μM). (N = 7 independent experiments performed). Graphs show 
mean ± standard deviation. Significant differences were determined by ANOVA test; *p < 0.05.
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Silencing of Zip7 alters intracellular Zn2+ content. To further investigate the role of Zip7 in intra-
cellular zinc homeostasis, we next quantified intracellular Zn2+ concentration after Zip7 silencing. We labelled 
free intracellular Zn2+ with FluoZin3-AM dye. After that, cells were supplemented with Zn2+ 20 and 40 µM 
and fluorescence emission was quantified every 40 seconds. Figure 6 shows that immediately after addition of 
zinc-supplemented medium to untreated cells (UC in Fig. 6), intracellular concentration of Zn2+ increased sig-
nificantly compared to control condition w/o Zn2+ (Fig. 6a-green labels). Nevertheless, the measured values 
of intracellular Zn2+ obtained in Zip7-deficient cells were lower in all conditions compared to the equivalent 
UC (Fig. 6a-blue labels). Despite intracellular zinc concentration rapidly increased after zinc addition, the val-
ues progressively decreased until stabilisation, and this effect was more pronounced in Zip7-silenced cells. This 
Figure 4. Role of Zip7 transporter and Akt activity in myoblast differentiation. (a) Zip7 detection by 
immunofluorescence (green) in undifferentiated cells (after 1 day of culture) and differentiated myotubes (after 
6 days of culture). Scale bar: 50 µM. (b) Western blot detection of Zip7 transporter, Akt, and pAktS473. GapDH 
was used as loading control protein. (c–e) Densitometric quantification of Zip7, Akt and pAktS473/Akt ratio 
bands, respectively. (N = 4 independent experiments performed). Graphs show mean ± standard deviation. 
Significant differences were determined by ANOVA test; *p < 0.05.
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observation together with the fact that the basal amount of intracellular zinc (condition w/o zinc) is strongly 
reduced in Zip7-deficient cells, confirm the role of Zip7 in intracellular zinc homeostasis. Note that the basal 
amount of intracellular zinc in control condition (w/o Zn) can be only originated by zinc-released from intracel-
lular organelles.
In addition, cell proliferation was also affected after Zip7 silencing. We evaluated Zn2+-dependent cell prolifer-
ation in Zip7-deficient cells by BrdU assay. Figure 6b shows that BrdU positive cells rise monotonically as extracel-
lular concentration of zinc does in control condition, whereas this effect was reverted after Zip7 silencing with no 
differences in BrdU levels regardless of the concentration of Zn2+ in the culture medium (for images see Fig. S3).
Effects of Zip7 silencing on myotubes. We next evaluated the effects of blocking Zip7 protein expression 
on myotube formation. Zip7 knockdown had no effect either on total cell density or on ratio of total differentiated 
cells (control condition w/o Zn2+) expressing MHC compared to untreated cells (Fig. 7a–c). However, in cell 
cultures supplemented with 20 and 40 µM of Zn2+, blocking of Zip7 protein expression resulted in a significant 
reduction of the ratio of differentiated cells expressing MHC despite the slight increase in cell density (Fig. 7a–c). 
Quantification of myotubes formed after Zip7 silencing resulted in a considerably reduction of the ratio of mult-
inucleated myotubes formed in presence of Zn2+, although the total MHC positive cells remained similar in all 
conditions (Fig. 7d,e). In addition, myotube diameters diminished up to 31% in Zip7-deficient cells (Fig. 7f).
Discussion
Zinc is one of the essential trace elements, ubiquitous in cell metabolism and essential to carry out eukaryote cells 
biological processes25,43. Zn2+ exhibits anti-apoptotic properties and enhances cell survival and proliferation44,45, 
however Zn2+ overload results toxic for all cells. High levels of free Zn2+ in the cytoplasm can induce both cell 
necrosis and apoptosis46,47. Toxic concentration of Zn2+ varies for different cell-types48,49. We have determined 
Figure 5. Effects of Zip7 silencing on myoblasts. (a) Zip7 detection by immunofluorescence (green) after 
mRNA silencing (Scale bar: 50 μm). (b) Western blot of Zip7, pAkt and Akt expression after 0, 3 and 6 days of 
culture. GapDH was used as loading control protein. (c–e) Densitometric quantification of Zip7 and pAktS473/
Akt ratio bands after 0, 3 and 6 days of culture, respectively. NC: RNAi negative control, UC: untreated cells. 
(N = 4 independent experiments performed). Graphs show mean ± standard deviation. Significant differences 
were determined by ANOVA test; *p < 0.05.
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that 60 µM Zn2+ concentration is toxic for myoblasts affecting viability at early culture times (Fig. 1), while 80 µM 
concentration is detrimental for differentiated myotubes. Sub-toxic concentrations of Zn2+ (Zn2+-concentrations 
20 and 40 µM) increased cell proliferation monotonically (Figs 1b and S1b), confirming the mitogenic effects of 
Zn2+ in C2C1237.
Myoblast proliferation and differentiation are two closely linked events involved in skeletal muscle regener-
ation. Cell proliferation allows cells to reach confluence and triggers the exit of the cell cycle50,51 which in turn 
initiates myoblast differentiation52. Our results regarding zinc mitogenic effects are in agreement with those previ-
ously reported by Ohashi et al.37. However, we have found opposite results in regards to myoblast differentiation. 
Note that in all the experiments, we have cultured cells under low serum (2% FBS, differentiation media that also 
allowed cell proliferation), standardised as a more relevant approach to mimic the physiological environment sur-
rounding myoblasts after muscle injury, where proliferation precede differentiation52. In Ohashi’s work, they used 
insulin-transferrin-selenium (ITS 1%) as differentiation medium, in order to minimally supplement the media in 
absence of serum. Absence of serum provokes arrest of cell proliferation and promotes cell differentiation. Note 
that for the sake of comparison with previous published work we have also reproduced Ohashi’s experiments 
using ITS 1% instead of 2% FBS (Fig. S6) Then, we obtained similar results: zinc supplementation affected neither 
myoblast proliferation nor differentiation in serum-free media conditions37. The different culture media used in 
both cases explains the differences obtained.
It is important to note that although in our results cell density is dependent of the concentration of zinc pres-
ence in the medium (Fig. 1), this monotonic increase in cell proliferation is not directly related to cell differentia-
tion which occurred at similar levels after the addition of 20 or 40 µM of Zn2+. Addition of Zn2+ induced myotube 
maturation, with more and thicker multinucleated myotubes (Figs 2a–f and S1).
We have analysed the effects of Zn2+ in the gene expression of MyoD and Myogenin, two essential transcrip-
tion factors of myogenesis, that are differentially expressed/repressed in dependence of the cell-specific differen-
tiated stage53. Results suggest that MyoD expression, which is associated with proliferating myoblasts54, was not 
dependent on the presence of Zn2+ after 3 or 6 days of culture (Figs S2 and 2h). However, Myogenin, which is 
involved in myotube maturation54, significantly increased after 6 days of culture in the presence of 40 µM of Zn2+, 
along with increased myotube diameter (Fig. 2f), suggesting the role of zinc in the expression of the terminal 
muscle phenotype rather than in early commitment of cells to myogenic lineages.
Figure 6. Effects of Zip7 silencing in intracellular Zn2+ homeostasis and proliferation. (a) Intracellular 
Zn2+ measurements after Fluozin3-AM labelling in control (UC, untreated cells) and Zip7-deficient cells. 
Fluorescence emission was measured every 40 seconds. Values are represented as relative fluorescent units 
(R.F.U.). (N = 6 independent experiments performed). (b) Myoblasts proliferation was determined by BrdU 
labelling followed by quantification of immunofluorescence. Values are represented as the ratio between BrdU 
positive cells/total nuclei (N = 5 independent experiments performed). UC: untreated cells. Graphs show 
mean ± standard deviation. Significant differences were determined by ANOVA test; *p < 0.05.
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Intracellular Zn2+ balance is involved in many biological activities43,47,48,55. Intracellular zinc measurements 
in undifferentiated myoblasts were not correlated with the concentration of Zn2+ in the medium. However, after 
differentiation, myotubes increased the intracellular Zn2+ intake monotonically, and proportional to the extra-
cellular Zn2+ concentration, that distributed homogeneously throughout mature myotubes (Fig. 3). These results 
suggest that, similarly as calcium storage within the sarcoplasmic reticulum (SR)56, differentiation of myoblasts 
and subsequent formation of SR involve Zn2+ storage, an essential element for endoplasmic reticulum function 
and protein folding57,58. This storage function of the SR is correlated with the fact that myotubes are viable in 
environments with higher extracellular Zn2+ concentrations, as high as 100 μM for 3 days, than undifferentiated 
cells (Fig. 3).
Zinc transporter Zip7 localised within the endoplasmic reticulum in undifferentiated cells but its location 
changes after myoblast differentiation, being homogeneously distributed, and more expressed, throughout the 
sarcoplasmic reticulum in differentiated cells, following the pattern of intracellular zinc (Fig. 4a). After Zip7 
knock down myoblasts exhibit altered Zn2+ homeostasis, with lower intake of extracellular zinc and minimal 
Figure 7. Effects of Zip7 silencing in myotubes after 6 days of culture. (a) Immunofluorescence images of MHC 
positive staining (green) of differentiated Zip7-deficient myotubes after 6 days of culture and supplemented 
with different zinc concentrations. (Scale bar: 200 μm). (b) Quantification of total cell density after myogenic 
differentiation represented as the total Hoechst positive cells/cm2 (total nuclei). (c) Quantification of total 
differentiated cells represented as the ratio between MHC positive cells/total cell number. (d) Quantification 
of differentiated cell density represented as the total of MHC positive cells/cm2. (e) Quantification of 
multinucleated myotubes represented as the ratio between multinucleated myotubes/mononucleated MHC 
positive cells. (f) Myotube diameter quantification obtained after analysis of at least 30 myotubes from 5 random 
imaged fields. Only myotubes with 4 or more nuclei were measured. Graphs show mean ± standard deviation. 
(N = 5 independent experiments performed). Significant differences were determined by ANOVA test; 
*p < 0.05.
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release from cytoplasmic organelles (Fig. 6a), demonstrating that Zip7 plays a key role in intracellular zinc regu-
lation. Zip7-deficient cells also presented reduced proliferation rates (Figs 6b and S3) confirming that proliferative 
effect of zinc is dependent of Zip7 activity.
Moreover, Zip7-deficient myoblasts presented a reduction in the percentage of differentiated cells in 
Zn2+-treated cells (Fig. 7c), as well as in the ratio of multinucleated cells and myotube diameter (Fig. 7e). 
Altogether, these results point out the crucial role of Zip7 protein in Zn2+-mediated induction of myoblast differ-
entiation and myotube maturation, in agreement with qPCR results obtained for Myogenin expression for 40 µM 
zinc (Fig. 2h). The importance of Zip7 has been recently shown in Drosophila. Negative mutation in Drosophila 
catsup gene, mammalian Zip7 orthologous gene, causes Notch abnormal accumulation in endoplasmic reticulum 
and Golgi apparatus, promoting self-renewal, and inhibiting myogenic differentiation57,59.
Both in vitro and in vivo studies have shown that Akt activity, which regulate many processes including cell 
proliferation, survival and metabolism, is critical for optimal muscle growth and regeneration60. The protein 
kinase Akt is involved in myoblast proliferation and differentiation10,61,62 and is essential in earliest stages of myo-
genic differentiation13. We show that increased extracellular Zn2+ levels, below toxic concentration, induces an 
over proliferation of myoblasts and enhances cell differentiation and myotubes development. It has been reported 
the important role of zinc ions in Akt phosphorylation via Zip7 tyrosine kinase activator activity29, in a similar 
way to IGF/PI3K/Akt cascade34,37. Figure 8 depicts the chain of events leading to regulatory crosstalk between 
zinc and myoblasts. Zinc ions influx from the extracellular medium through Zip membrane transporters. Zn2+ 
activates phosphorylation of Zip7, which in turn increases cytoplasmic levels of Zn2+ promoting the phosphoryl-
ation of Akt. The phosphorylation of these proteins kinase activates mitogenic molecular pathways, enhancing 
myoblast proliferation37,61,63. We did not find any significant differences in Akt phosphorylation after 1 day of cul-
ture in the presence of extracellular Zn2+ for undifferentiated cells (Fig. 4d), whereas pAkt increased after 6 days 
for differentiated cells in Zn2+-treated myoblasts (Fig. 4e). These findings suggest that exogenous Zn2+ triggers 
Akt activation, promoting cell differentiation and myotube maturation as shown in the scheme in Fig. 8.
Myogenic differentiation assessed with Zip7-deficient myotubes (Fig. 7) shows that exogenous Zn2+ hinders 
myogenic differentiation at the expense of increased cell proliferation. Cell density in Zip7-deficient myotubes 
was found to be 32–39% higher in Zn2+-treated cells compared to non-treated and non-transfected cells (Fig. 7b). 
Moreover, Zip7 knockdown resulted in reduced Akt phosphorylation up to 3 days (Fig. 5d), suggesting that the 
rise of cell proliferation by Zn2+ action is not directly related with Akt activity. This agrees with several studies 
where cell proliferation was found to be related to Mek/Erk activation by Zn2+ 29,34,37. Our results demonstrate that 
the enhancement of myotube maturation and development induced by exogenous Zn2+ is closely related to Zip7 
transporter and its downstreams Akt and Myogenin.
Data Availability
The datasets generated during and/or analysed during the current study are available in the University of Glasgow 
Repository, http://researchdata.gla.ac.uk/.
Figure 8. Scheme of cascade of events representing the role of zinc in the regulatory crosstalk promoting 
myogenesis. Zinc ions influx from extracellular medium through membrane Zip transporter mediate 
phosphorylation of Zip7 endoplasmic reticulum transporter. Activation of Zip7 produces a release of 
intracellular storage of Zn2+ and subsequent phosphorylation of protein kinase Akt and consequently enhances 
myogenic differentiation. Myotube formation, in turn, stimulate Zn2+ extracellular uptake, enhancing myogenic 
differentiation process and myotubes development. (1) References28,35. (2) Reference35. (3) References9,37. (4) 
References9,37.
www.nature.com/scientificreports/
13SCIENtIfIC RePoRtS |  (2018) 8:13642  | DOI:10.1038/s41598-018-32067-0
References
 1. Frontera, W. R. & Ochala, J. Skeletal muscle: a brief review of structure and function. Calcif. Tissue Int. 96, 183–195 (2015).
 2. Wolfe, R. R., Frontera, W. R. & Ochala, J. The underappreciated role of muscle in health and disease. Am. J. Clin. Nutr. 84, 475–82 
(2006).
 3. Sciorati, C., Rigamonti, E., Manfredi, A. A. & Rovere-Querini, P. Cell death, clearance and immunity in the skeletal muscle. Cell 
Death Differ. 23, 927–937 (2016).
 4. Wang, Y. X. & Rudnicki, M. A. Satellite cells, the engines of muscle repair. Nat. Rev. Mol. Cell Biol. 13, 127–133 (2011).
 5. Yin, H., Price, F. & Rudnicki, M. A. Satellite cells and the muscle stem cell niche. Physiol. Rev. 93, 23–67 (2013).
 6. Dhawan, J. & Rando, T. A. Stem cells in postnatal myogenesis: Molecular mechanisms of satellite cell quiescence, activation and 
replenishment. Trends Cell Biol. 15, 666–673 (2005).
 7. Yun, K. & Wold, B. Skeletal muscle determination and differentiation: Story of a core regulatory network and its context. Curr. Opin. 
Cell Biol. 8, 877–889 (1996).
 8. Gharaibeh, B. et al. Biological approaches to improve skeletal muscle healing after injury and disease. Birth Defects Res. Part C 
Embryo Today Rev. 96, 82–94 (2012).
 9. Schiaffino, S. & Mammucari, C. Regulation of skeletal muscle growth by the IGF1-Akt/PKB pathway: insights from genetic models. 
Skelet. Muscle 1, 4 (2011).
 10. Sandri, M. Signaling in muscle atrophy and hypertrophy. Physiology (Bethesda). 23, 160–70 (2008).
 11. Karalaki, M., Fili, S., Philippou, A. & Koutsilieris, M. Muscle regeneration: cellular and molecular events. In Vivo 23, 779–96 (2009).
 12. Fujio, Y. et al. Cell cycle withdrawal promotes myogenic induction of Akt, a positive modulator of myocyte survival. Mol. Cell. Biol. 
19, 5073–82 (1999).
 13. Wilson, E. M. & Rotwein, P. Control of MyoD function during initiation of muscle differentiation by an autocrine signaling pathway 
activated by insulin-like growth factor-II. J. Biol. Chem. 281, 29962–29971 (2006).
 14. Sun, L., Liu, L., Yang, X. & Wu, Z. Akt binds prohibitin 2 and relieves its repression of MyoD and muscle differentiation. J. Cell Sci. 
117, 3021–3029 (2004).
 15. Milner, D. & Cameron, J. Muscle repair and regeneration: stem cells, scaffolds, and the contributions of skeletal muscle to amphibian 
limb regeneration. Curr. Top. Microbiol. Immunol. 367, 133–159 (2013).
 16. Liu, C. et al. PI3K/Akt signaling transduction pathway is involved in rat vascular smooth muscle cell proliferation induced by 
apelin-13. Acta Biochim Biophys Sin 42, 396–402 (2010).
 17. Eriksson, M., Taskinen, M. & Leppä, S. Mitogen Activated Protein Kinase-Dependent Activation of c-Jun and c-Fos is required for 
Neuronal differentiation but not for Growth and Stress Reposne in PC12 cells. J. Cell. Physiol. 207, 12–22 (2006).
 18. Arsic, N. et al. Vascular endothelial growth factor stimulates skeletal muscle regeneration in Vivo. Mol. Ther. 10, 844–854 (2004).
 19. Borselli, C. et al. Functional muscle regeneration with combined delivery of angiogenesis and myogenesis factors. Proc. Natl. Acad. 
Sci. USA 107, 3287–3292 (2010).
 20. Hanft, J. R. et al. Phase I trial on the safety of topical rhVEGF on chronic neuropathic diabetic foot ulcers. J. Wound Care 17(30–2), 
34–7 (2008).
 21. Simón-Yarza, T. et al. Vascular endothelial growth factor-delivery systems for cardiac repair: An overview. Theranostics 2, 541–552 
(2012).
 22. Briquez, P. S., Hubbell, J. A. & Martino, M. M. Extracellular Matrix-Inspired Growth Factor Delivery Systems for Skin Wound 
Healing. Adv. Wound Care 4, 479–489 (2015).
 23. Barthel, A., Ostrakhovitch, E. A., Walter, P. L., Kampkötter, A. & Klotz, L. O. Stimulation of phosphoinositide 3-kinase/Akt signaling 
by copper and zinc ions: Mechanisms and consequences. Arch. Biochem. Biophys. 463, 175–182 (2007).
 24. Ostrakhovitch, E. A., Lordnejad, M. R., Schliess, F., Sies, H. & Klotz, L.-O. Copper ions strongly activate the phosphoinositide-3-
kinase/Akt pathway independent of the generation of reactive oxygen species. Arch. Biochem. Biophys. 397, 232–239 (2002).
 25. Kaur, K., Gupta, R., Saraf, S. A. & Saraf, S. K. Zinc: The metal of life. Compr. Rev. Food Sci. Food Saf. 13, 358–376 (2014).
 26. Coleman, J. E. Zinc proteins: enzymes, storage proteins, transcription factors, and replication proteins. Annu. Rev. Biochem. 61, 
897–946 (1992).
 27. Fukada, T. & Kambe, T. Molecular and genetic features of zinc transporters in physiology and pathogenesis. Metallomics 3, 662–674 
(2011).
 28. Murakami, M. & Hirano, T. Intracellular zinc homeostasis and zinc signaling. Cancer Sci. 99, 1515–1522 (2008).
 29. Hogstrand, C., Kille, P., Nicholson, R. I. & Taylor, K. M. Zinc transporters and cancer: a potential role for ZIP7 as a hub for tyrosine 
kinase activation. Trends Mol. Med. 15, 101–111 (2009).
 30. Kolenko, V., Teper, E., Kutikov, A. & Uzzo, R. Zinc and zinc transporters in prostate carcinogenesis. Nat. Rev. Urol. 10, 219–26 
(2013).
 31. Myers, S. A., Nield, A., Chew, G. S. & Myers, M. A. The zinc transporter, Slc39a7 (Zip7) is implicated in glycaemic control in skeletal 
muscle cells. Plos One 8 (2013).
 32. Kambe, T., Tsuji, T., Hashimoto, A. & Itsumura, N. The Physiological, Biochemical, and Molecular Roles of Zinc Transporters in 
Zinc Homeostasis and Metabolism. Physiol. Rev. 95, 749–784 (2015).
 33. Jinno, N., Nagata, M. & Takahashi, T. Marginal zinc deficiency negatively affects recovery from muscle injury in mice. Biol. Trace 
Elem. Res. 158, 65–72 (2014).
 34. Taylor, K. M., Hiscox, S., Nicholson, R. I., Hogstrand, C. & Kille, P. Protein Kinase CK2 Triggers Cytosolic Zinc Signaling Pathways 
by Phosphorylation of Zinc Channel ZIP7. Sci. Signal. 5, ra11–ra11 (2012).
 35. Yamasaki, S. et al. Zinc is a novel intracellular second messenger. J. Cell Biol. 177, 637–45 (2007).
 36. Sumitani, S., Goya, K., Testa, J. R., Kouhara, H. & Kasayama, S. Akt1 and Akt2 differently regulate muscle creatine kinase and 
myogenin gene transcription in insulin-induced differentiation of C2C12 myoblasts. Endocrinology 143, 820–828 (2002).
 37. Ohashi, K. et al. Zinc promotes proliferation and activation of myogenic cells via the PI3K/Akt and ERK signaling cascade. Exp. Cell 
Res. 333, 228–237 (2015).
 38. Chesters, J. K. In Zinc in human biology 53, 109–118 (1989).
 39. Burattini, S. et al. C2C12 murine myoblasts as a model of skeletal muscle development: Morpho-functional characterization. Eur. J. 
Histochem. 48, 223–233 (2004).
 40. Mnatsakanyan, H. et al. Controlled Assembly of Fibronectin Nanofibrils Triggered by Random Copolymer Chemistry. ACS Appl. 
Mater. Interfaces 7, 18125–18135 (2015).
 41. Jeong, J. & Eide, D. J. The SLC39 family of zinc transporters. Molecular Aspects of Medicine 34, 612–619 (2013).
 42. Huang, L., Kirschke, C. P., Zhang, Y. & Yan, Y. Y. The ZIP7 gene (Slc39a7) encodes a zinc transporter involved in zinc homeostasis of 
the Golgi apparatus. J. Biol. Chem. 280, 15456–15463 (2005).
 43. Vallee, B. L. & Falchuk, K. H. The biochemical basis of zinc physiology. Physiological reviews 73 (1993).
 44. Ganju, N. & Eastman, A. Zinc inhibits Bax and Bak activation and cytochrome c release induced by chemical inducers of apoptosis 
but not by death-receptor-initiated pathways. Cell Death Differ. 10, 652–61 (2003).
 45. Chai, F., Truong-Tran, A. Q., Ho, L. H. & Zalewski, P. D. Regulation of caspase activation and apoptosis by cellular zinc fluxes and 
zinc deprivation: A review. Immunol. Cell Biol. 77, 272–278 (1999).
 46. Smith, P. J., Wiltshire, M., Furon, E., Beattie, J. H. & Errington, R. J. Impact of overexpression of metallothionein-1 on cell cycle 
progression and zinc toxicity. Am. J. Physiol. Cell Physiol. 295, C1399–C1408 (2008).
www.nature.com/scientificreports/
1 4SCIENtIfIC RePoRtS |  (2018) 8:13642  | DOI:10.1038/s41598-018-32067-0
 47. Bozym, R. A. et al. Free zinc ions outside a narrow concentration range are toxic to a variety of cells in vitro. Exp. Biol. Med. 
(Maywood). 235, 741–50 (2010).
 48. Plum, L. M., Rink, L. & Hajo, H. The essential toxin: Impact of zinc on human health. Int. J. Environ. Res. Public Health 7, 1342–1365 
(2010).
 49. Chen, C.-J. & Liao, S.-L. Zinc toxicity on neonatal cortical neurons: involvement of glutathione chelation. J. Neurochem. 85, 443–453 
(2003).
 50. Chassot, A. A. et al. Confluence-induced cell cycle exit involves pre-mitotic CDK inhibition by p27Kip1 and cyclin D1 
downregulation. Cell Cycle 7, 2038–2046 (2008).
 51. Spencer, S. L. et al. XThe proliferation-quiescence decision is controlled by a bifurcation in CDK2 activity at mitotic exit. Cell 155, 
369–383 (2013).
 52. Walsh, K. & Perlman, H. Cell cycle exit upon myogenic differentiation. Curr. Opin. Genet. Dev. 7, 597–602 (1997).
 53. Puri, P. L. & Sartorelli, V. Regulation of muscle regulatory factors by DNA-binding, interacting proteins, and post-transcriptional 
modifications. Journal of Cellular Physiology 185, 155–173 (2000).
 54. Zammit, P. S., Partridge, T. A. & Yablonka-Reuveni, Z. The skeletal muscle satellite cell: the stem cell that came in from the cold. J 
Histochem Cytochem 54, 1177–1191 (2006).
 55. McCord, M. C. & Aizenman, E. The role of intracellular zinc release in aging, oxidative stress, and Alzheimer’s disease. Front. Aging 
Neurosci. 6, 1–16 (2014).
 56. Dirksen, R. T. Sarcoplasmic reticulum–mitochondrial through-space coupling in skeletal muscle. This paper is one of a selection of 
papers published in this Special Issue, entitled 14th International Biochemistry of Exercise Conference – Muscles as Molecular and 
Metabolic. Appl. Physiol. Nutr. Metab. 34, 389–395 (2009).
 57. Groth, C., Sasamura, T., Khanna, M. R., Whitley, M. & Fortini, M. E. Protein trafficking abnormalities in Drosophila tissues with 
impaired activity of the ZIP7 zinc transporter Catsup. Development 140, 3018–3027 (2013).
 58. Ellis, C. D. et al. Zinc and the Msc2 zinc transporter protein are required for endoplasmic reticulum function. J. Cell Biol. 166, 
325–335 (2004).
 59. Koch, U., Lehal, R. & Radtke, F. Stem cells living with a Notch. Development 140, 689–704 (2013).
 60. Gardner, S., Anguiano, M. & Rotwein, P. Defining Akt actions in muscle differentiation. Am. J. Physiol. Physiol. 303, C1292–C1300 
(2012).
 61. Knight, J. D. & Kothary, R. The myogenic kinome: protein kinases critical to mammalian skeletal myogenesis. Skelet. Muscle 1, 29 
(2011).
 62. Roth, S. M. Genetic aspects of skeletal muscle strength and mass with relevance to sarcopenia. Bonekey Rep. 1, 1–7 (2012).
 63. Mebratu, Y. & Tesfaigzi, Y. How ERK1/2 Activation Controls Cell Proliferation and Cell Death Is Subcellular Localization the 
Answer? Cell Cycle 8, 1168–1175 (2009).
Acknowledgements
P.R. and R.S. acknowledges support from the Spanish Ministry of Economy and Competitiveness (MINECO) 
(MAT2015-69315-C3-1-R). P.R. acknowledges the Fondo Europeo de Desarrollo Regional (FEDER). CIBER-
BBN is an initiative funded by the VI National R&D&I Plan 2008–2011, Iniciativa Ingenio 2010, Consolider 
Program, CIBER Actions and financed by the Instituto de Salud Carlos III with assistance from the European 
Regional Development Fund. R.S. acknowledges the support from the Spanish MECD through the PRX16/00208 
grant. MSS acknowledges support from the European Research Council (ERC - HealInSynergy 306990) and the 
UK Engineering and Physical Sciences Research Council (EPSRC - EP/P001114/1).
Author Contributions
H.M. wrote the first version of the manuscript, performed the experiments and made figures. All authors reviewed 
the manuscript. M.S.S. and P.R. design and supervised the research, and wrote the final version of the manuscript.
Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-32067-0.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018
